The diffusion of tracer proteins at low concentration was measured in solutions containing "background" proteins at concentrations of up to 200 g/liter. The fractional reduction of the diffusion coefficient of tracer in the presence of a given weight/volume concentration of background species generally increases with increasing size of tracer species and with decreasing size of background species. The dependence of the diffusion constants of three out of four tracer species upon the concentrations of four background species is accounted for semiquantitatively by a simple hard particle model. Extrapolation of model calculations to higher background concentrations suggests that in solutions containing proteins at concentrations comparable to those found in biological fluid media, the diffusive transport of larger proteins and aggregates may be slower than in dilute solution by several orders of magnitude.
It has become increasingly appreciated that the kinetics and equilibria of important biological reactions, particularly those involving reversible self-or heteroassociation of macromolecules, may be greatly influenced by the high total concentration of macromolecules in many physiological fluid media (1) . The rate and/or extent of a particular association reaction as observed in a particular physiological fluid medium may differ qualitatively from those of the same reaction in a solution that is identical in chemical composition except for the absence of significant amounts of so-called "inert" or unreactive macromolecules. These differences can be attributed in large part to exclusion of reactants from the volume of solution occupied by inert species (and vice versa). Hence media containing high total macromolecular content have been termed "volume-occupied" or "crowded" (2) .
Absolute reaction rate theory predicts that rate constants for association of globular proteins and other compact macromolecules should increase monotonically with increasing volume occupancy until the association reaction becomes diffusion limited (1, 2) . Since volume occupancy hinders diffusion (3), further increases would be expected to bring about a decrease in association rate (1) . Because quantitative information about the diffusion of proteins in highly volumeoccupied solutions is sparse, the consequences and possible biological significance of diffusion-limited kinetics in crowded media have not, heretofore, been considered.
We have developed an automated method for the determination of diffusion coefficients through measurement of boundary spreading, which is well-suited to the measurement of the diffusion of a dilute "tracer" species in a solution containing an arbitrary concentration of a second "background" species. By using this method, we have measured the diffusion coefficients of each of four globular tracer proteins, ranging in size from Mr 17,000 to Mr 150,000, as functions of the concentrations of four globular background proteins ranging in size from Mr 13,000 to Mr 150,000.
The method used to measure tracer diffusion coefficients is outlined below, and the results of the measurements are presented graphically. A simple hard particle model is presented that is shown to describe semiquantitatively the effect of increasing concentrations of four background species on the diffusion coefficients of three out of four tracer species. The model function for the dependence of tracer diffusion coefficient upon concentration of background species is extrapolated to higher background concentrations, and the implications of the results for kinetics of diffusion-limited reactions in biological media are discussed.
MATERIALS
Human carbonmonoxyhemoglobin (HbCO), a gift from James Hofrichter (National Institutes of Health), was stored frozen under gaseous CO until immediately before use. Defatted bovine serum albumin (BSA), crystallized horse skeletal muscle myoglobin, crystallized chicken egg ovalbumin (grade VI), bovine pancreatic ribonuclease-A (type III-A), and rabbit muscle aldolase (type IV) were obtained from Sigma and used without further purification. Unless specified otherwise, protein solutions were prepared in a sodium phosphate/chloride buffer, pH 7.2, containing 0.0065 M total phosphate and 0.15 M chloride. All chemicals were reagent grade and water distilled and deionized.
Cyanmetmyoglobin (MbCN) was prepared from aquometmyoglobin by addition of 1.2 equivalents of potassium ferricyanide and 2 equivalents of potassium cyanide per equivalent of heme (4), followed by extensive dialysis against buffer.
Fluorescein isothiocyanate (FITC) labeling of BSA and aldolase was performed as described by Goldman (5) . The extent of labeling, measured by comparison of absorbances at 280 and 493 nm (5), was 5-7 mol/mol of aldolase and 2-4 mol/mol of BSA.
METHODS
Diffusion coefficients were measured by using the tube scanning apparatus described by Attri and Minton (6) with an artificial boundary forming device, as described in detail by Muramatsu and Minton (7) . To measure the diffusion of a tracer species in a solution containing an arbitrary concentration of an inert background species, an aliquot of solution containing background species at the desired concentration 
RESULTS
The measured diffusion coefficients of the tracer species MbCN, HbCO, FITC-BSA, and FITC-aldolase in the absence of added unlabeled proteins are reported in Table 1 . These values are independent, to within the precision of our measurement, of the concentration of the tracer species at concentrations <5 g/liter. We note that the diffusion coefficients of the two tracer species labeled with FITC are identical, within experimental precision, to those of the respective unlabeled parent species (7), demonstrating that the labeling procedure used here does not grossly perturb the native structure of these proteins.
The diffusion coefficients of each of the four tracer species were measured in solutions containing various concentrations of unlabeled ribonuclease A, ovalbumin, BSA, and aldolase. The effect of various concentrations of each of the background species upon the diffusion coefficients of each of the tracer species is presented graphically in Fig. 1 .
To examine whether nonspecific electrostatic repulsion or attraction was an important determinant of the magnitude of the concentration effect under the conditions of these experiments, the experiments summarized in Fig 
DISCUSSION
The primary objective of the present work is to discern the effect of volume occupancy on diffusional motion of proteins. It is clear that interactions other than volume exclusion are present to a greater or lesser extent in solutions of any real molecular species, as opposed to an idealized model system. In solutions of ionic strength sufficient to damp out long-range nonspecific electrostatic interactions, the effects of volume exclusion may, however, be manifested in an observable correlation between the magnitude of the concentration effect and the relative sizes of tracer and background species. For the present study, we shall rank the various tracer and background species in size according to their molecular weights. From smallest to largest, they are as follows: ribonuclease (Mr, 12,400), myoglobin (Mr, 17,000), ovalbumin (Mr, 43,500), hemoglobin (Mr, 65,000), BSA (Mr, 70,000), and aldolase (Mr, 150,000).
Examination of the data plotted in Fig. 1 shows a sizerelated trend in the magnitude of the concentration effect that is followed by three of the four tracer species. Considering only the tracers MbCN, FITC-BSA, and FITC-aldolase, we observe that the magnitude of the concentration effect, as reflected in the downward slope of the plot of In (DIDo) versus background concentration, increases with the size of the tracer species for a given background species and decreases with increasing size of background species for a given tracer species. The behavior of HbCO does not fit into this pattern. If the effect of background concentration upon tracer diffusion of both BSA and HbCO were determined primarily by volume exclusion, one would expect the two tracer species, which have similar sizes, to exhibit concentration effects of similar magnitude, which is not the case. We show below that the behavior of the tracer species FITCaldolase, FITC-BSA, and MbCN can be semiquantitatively rationalized on the basis of a simple excluded volume model, suggesting that factors other than excluded volume play a substantial role in modulating the diffusion of HbCO in these solutions.
In the model presented below, we represent both tracer species and background species by equivalent hard spherical particles. For the purpose of modeling volume exclusion effects in solutions of globular proteins at moderate ionic strength, this approximation is reasonable, but subject to limitations, as discussed in ref. 2. In the limit of low macromolecular concentration, the diffusional motion of a macromolecule in a solvent may be treated as a three-dimensional random walk in which the diffusing species undergoes a Brownian displacement of distance Ar on an average of once every At seconds. Such a displacement is depicted schematically in Fig. 2A . Accord- ing to the rate theory of diffusion (9), the mean rate at which Brownian displacements occur is dependent upon a free energy of activation for the displacement process, denoted by AG*, due to the negative local fluctuation in solvent entropy associated with creation of the transient Brownian force: D = A exp[-AGl*/RT], [1] where A is a constant, R is the molar gas constant, and T the absolute temperature. When background particles are added to the solution, tracer diffusion is influenced, because for a Brownian displacement to occur, the increment of volume into which the tracer is displaced by Brownian forces (stippled region in Fig. 2A ), which we shall call the target volume, must not be occupied by any part of a background particle. It follows that D = A exp[-(AG* + AGg)/RT], [2] where AGg, the negentropic work required to free the target volume of background particles, is a function of the size and shape of the target volume and the size and number density of background particles. If we define Do to be the diffusion coefficient of tracer species in the absence of background species, then it follows from Eqs. 1 and 2 that ln(D/DO) = -AGg/RT. [3] We are unaware of any simple method for calculating AGg for the target volume shown in Fig. 2A , but there exists a simple method for calculating AGE, the negentropic work required to vacate a volume of similar shape, indicated by the shaded region in Fig. 2B . Let rt represent the radius of the tracer species, Ar the size of the Brownian displacement indicated in Fig. 2A , and Ar' the difference between rt and the radius of the outer spherical boundary indicated in Fig. 2B . Then 4G, = AG.(rt + Ar') -&G.(rt) [4] where AG,(r) is the negentropic work required to create a spherical cavity of radius r free of any part of a background particle. Scaled particle theory (2, 10) provides a simple closed form relation for the approximate calculation of this quantity in the context of our hard particle model:
AGc(r)/RT = AO + Alr + A2r2 + A3r3, [5] where the Ai, given in the Appendix, are functions of the effective radius, molecular weight, and concentration of the background species.
A B FIG. 2. (A)
Schematic representation of a Brownian displacement. Stippled target volume, which must be free of background particles, is generated by translating the spherical diffusing particle by distance Ar. (B) Approximation to target volume shown in A generated by translating diffusing particle by Ar' and simultaneously increasing its radius by the same amount.
Proc. NatL Acad Sci USA 85 (1988) 2987 It is clear that for each value of Ar, there will exist some value of Ar' such that AG' = AGg. It is likely that the ratio of Ar' to Ar is of order unity, and we shall assume for the sake of simplicity that this ratio is independent of background concentration. It follows that Eqs. 3, 4, and 5 may be combined to yield ln(D/Do) = -Ar'[A1 + A2(2r, + Ar') + A3(3r2 + 3r,Ar' + Ar'2)]. [6] To test whether this simple hard particle model can rationalize the experimental data reported here, we performed the following analysis. It was assumed for simplicity that each species could be characterized by a unique effective hard sphere radius and that each tracer species could be characterized by a unique value of Ar', independent of the composition of the system. Since the value of Ar' characterizing a given tracer species is assumed proportional to Ar, the magnitude of the mean Brownian displacement, it is expected to vary with the value of the tracer diffusion coefficient as predicted by the kinetic theory of diffusion (9): Do AAr2 oc Ar'2.
[7]
It follows from relation 7 that only one of the three values of where Ald and Myo are aldolase and myoglobin, respectively. By using a nonlinear least-squares modeling program based on a Marquardt-Levenberg minimization algorithm with parameter constraints, best-fit values of rBjSA and the effective hard particle radii of aldolase, BSA, ovalbumin, and myoglobin were determined by simultaneously fitting Eq. 6 to the 11 data sets plotted in Fig. 1A , C, and D. These data sets represent the dependence of ln(D/DO) upon Cback for three tracers (FITC-aldolase, FITC-BSA, and MbCN) in four background species (aldolase, BSA, ovalbumin, and ribonuclease). Best-fit values of each of the five independently variable parameters are presented in Table 1 , and the bestfit functions are plotted in Fig. 1A , C, and D with the corresponding data sets. In view of the numerous simplifying assumptions (and undoubted oversimplifications) introduced to make the model calculation tractable, and the small number (five) of independently adjustable parameters, the functions calculated by using Eq. 6 with the appropriate best-fit parameter values are in reasonably good agreement with the data shown in Fig.  1A , C, and D. The best-fit values themselves lend additional credibility to the model. For comparison with the best-fit apparent radii, we also present in Table 1 the radii of equivalent spheres for each species calculated on the assumption that the molecule has a specific volume of 0.75 ml/g, a value approximately equal to the measured partial specific volume of most globular proteins (11) . We shall refer to these values as the steric exclusion radii, as no allowance is made for the effect of short-range attractive or repulsive interactions. When the apparent radius of ribonuclease is fixed equal to the steric radius, the best-fit apparent radii of myoglobin, ovalbumin, and BSA are quite close to the respective steric radii. The best-fit apparent radius of aldolase is somewhat larger than the steric radius, a difference that may reflect A substantial number of experimental studies reviewed in ref. 13 have been devoted to the measurement of the tracer diffusion of quasispherical probe species (proteins and colloidal particles) in solutions containing variable amounts of random coil polymers. In general, the results of such studies have been interpreted in the context of so-called "scaling laws," that is, semiempirical expressions of the form ln(D/DO) = -ac MYR6, [9] where c is the concentration of background species, M is the molecular weight of the background species, R is the effective radius of the tracer species, and v, y, and 8 are adjustable parameters. According to Phillies et al. (13) , data obtained from a wide variety of tracer-background combinations can be accommodated to within experimental precision by a set of parameter values that varies relatively little between the various combinations: 0.6 c v c 1.0; 0.7 .< y < 0.9; and -0.1 s 8 < 0.0. Our data do not obey these scaling laws. We observe a small but unequivocal increase in the magnitude of the concentration effect [as reflected in the slope of the plot of ln(D/Do) versus Cback at the origin] with increasing tracer size, whereas Phillies et al. (13) concluded that the concentration effect either remains constant or slightly decreases with increasing tracer size. In addition, we observe a strong inverse correlation between magnitude of the concentration effect and the molecular weight of the background species, whereas Phillies et al. (13) concluded that there is a direct correlation. The inverse correlation between size of background species and magnitude of the background concentration effect is even observed in our HbCO data (Fig. 1B) , although it is not as obvious as in the case of the other tracer species. The mechanism of steric hindrance to diffusion of a quasispherical tracer protein in solutions of comparably sized globular proteins thus appears to be qualitatively different from that of tracer proteins or colloidal particles in solutions of random-coil polymers.
In Fig. 3 we plot the dependence of loglo(D/DO) upon Cback calculated by using Eq. 6 for three sets of parameter values: The solid curve is calculated by using the best-fit parameter values obtained from fitting of the equation to the data for diffusion of FITC-BSA in BSA. The short-dashed curve is calculated for the diffusion of FITC-BSA in a solution of a hypothetical spherical molecule with a molecular weight one-quarter that of BSA (17,500) and a specific volume of 0.75 ml/g. The long-dashed curve is calculated for the diffusion of FITC-BSA in a solution of a hypothetical spherical molecule with a molecular weight four times that of BSA (280,000) and the same specific volume.
Granting that the hard particle model for tracer diffusion presented here is oversimplified, we nevertheless believe that the curves shown in Fig. 3 have qualitative significance. They suggest that in a fluid medium containing macromolecules occupying 20% or more of the fluid volume, a macromolecular species (or macromolecular aggregate) that is at least as large as the mean macromolecular size may diffuse more slowly than it would in dilute solution by a factor of 10, 100, or perhaps even 1000. The implications for biochemical kinetics are obvious. Any reaction in a fluid medium requiring association between initially separated macromolecular species is likely to be diffusion-limited (unless the macromolecular reactants are directed toward each other by an energy-consuming propulsive mechanism). If a reaction of this type is diffusion-limited, then the overall reaction rate in a crowded physiological medium may be far smaller than would be calculated on the basis of diffusion coefficients measured in dilute solution. where Na is Avogadro's number, v is in cm-3, and Cback is g/liter.
According to scaled particle theory (2, 10), the negentropic free energy associated with the creation of a spherical region of radius r that is free of any part of a background molecule is given by text Eq. 5, where [A2d]
and Si = 6v(2rb)Y.
[A2e]
